Introduction
In zinc finger domain containing proteins, each zinc finger refers to a small globular fold stabilized by a zinc ion. TFIIIA (transcription factor IIIA) was the first zinc finger domain containing protein described in the literature (Miller et al. 1985) . In this protein, Zn(II) in each finger is coordinated by one pair of cysteine and one pair of histidine residues (Miller et al. 1985) . Since this discovery many other zinc finger proteins have been proposed in all the three domains of life (Miller et al. 1985; Yanagisawa 1995; Chou et al. 1998; Poplawski et al. 2001; Keller et al. 2015) . The ligands coordinating zinc ion may vary from four cysteine (C4) to two cysteine and two histidine (C2H2 type) or three cysteine and one histidine residues (C2HC/C3H type) (Miller et al. 1985; Yanagisawa 1995; Pedone et al. 1996; Lai & Blackshear 2001; Dathan et al. 2002; Umemura et al. 2004) . Zinc finger proteins may contain 1-37 zinc finger domains (Ruiz i Altaba et al. 1987; Yanagisawa 1995; Dathan et al. 2002) . Protein with 60 zinc finger domains is also known in the genome of Octopus bimaculoides (Albertin et al. 2015) .
The functions of these proteins are as diverse as their number. Zinc finger proteins may interact with DNA, RNA, protein and lipids (Miller et al. 1985; Caricasole et al. 1996; Stenmark et al. 1996; Barabino et al. 1997; Tsang et al. 1997) . Even mutated zinc finger proteins and artificial zinc finger domain containing hybrid proteins with nuclease activity have been reported, leading to the development of new tools and techniques in biology Nomura & Sugiura 2004) . Many of the DNA binding zinc finger proteins are transcription factors, activating or repressing transcription (Sakai et al. 1995; Tilburn et al. 1995; Katz et al. 2002; Nakashima et al. 2002) . This has led to huge interest in working with them.
Zinc finger proteins have been described in bacteria too, although less frequently. Ros and MucR are two C2H2 type zinc finger transcription factors in Agrobacterium tumefaciens (Chou et al. 1998) and in Rhizobium etli (Bertram-Drogatz et al. 1997) , respectively. However, no other such proteins have been investigated in details in prokaryotes except in few cases (Sujatha & Chatterji 1999; Katayama et al. 2002; Crawford et al. 2016) .
Among all the eubacteria, mycobacterium occupies a unique position due to its lipid-rich complex cell wall and a GC-rich genome, with a saprophytic and/ or parasitic mode of life. Unlike Bacillus subtilis (Moreno-Campuzano et al. 2006) or Escherichia coli (P erez-Rueda et al. 2015) , where many transcription factors have been described both experimentally or in silico, fewer such factors are known in the literature from mycobacteria (Flentie et al. 2016) .
Recently, the crystal structure of a zinc finger domain containing protein from Jannaschia sp. has been described (Bakolitsa et al. 2010) . This protein has a single C-terminal zinc finger domain where the zinc ion is coordinated by four cysteine residues (Bakolitsa et al. 2010) . Using the amino acid sequence of this protein (Jann_2411) in BLASTP server, we have found two homologues in the genome of Mycobacterium smegmatis, namely Msmeg_0118 and Msmeg_3613, which are denoted as Mycobacterial Single Zinc Finger Protein 1 (Mszfp1) and Mycobacterial Single Zinc Finger Protein 2 (Mszfp2), respectively.
In this article, we characterize these proteins by various biophysical and biochemical techniques. We have observed that the oligomeric state and conformation of Mszfp1 and Mszfp2 depend on the presence or absence of zinc. Both of them are DNA binding proteins and can also activate transcription by interacting with RNA polymerase from M. smegmatis. This interaction appears to be mediated by the aand r A -subunits of RNA polymerase in the case of Mszfp1 and by only a-subunit in the case of Mszfp2.
Results

Zn (II) is required for Mszfp1 and Mszfp2 to maintain proper conformation and oligomeric states
Msmeg_0118 (amino acid sequence given in Fig. 1A ) and Msmeg_3613 (amino acid sequence given in Fig. 1B ) were identified in BLASTP search when the amino acid sequence of Jann_2411, a C-terminal zinc finger protein was used as a query sequence to find similar proteins in the genome of M. smegmatis. The amino acid sequence of Mszfp1 (Fig. 1A) shows that it has only four cysteine residues at the C-terminal
(C) (D) Figure 1 Amino acid sequence of (His) 6 -tagged Mszfp1 (A) and Mszfp2 (B) with the predicted secondary structure along the sequence. Purification profile of Mszfp1 (C) and Mszfp2 (D) is also shown. In (A) and (B), H-alpha-helix, E-beta-sheet, Ccoil. In (C) and (D), lane 1-flow through, lane 2-wash, lane 3 and lane 4-eluted fractions, M-molecular weight marker, MW-molecular weight. One may notice that in case of Mszfp1, considerable amount of protein was present in wash fraction.
part like that of Jann_2411. The protein was purified with a Ni-NTA column using (His) 6 tag ( Fig. 1C) . The monomeric mass of (His) 6 -tagged Mszfp1 is 20 kDa. The molar ratio of zinc to protein was determined by atomic absorption flame photometry to be 1 : 1 using zinc chloride solution as standard (concentrations-0.1, 0.2, 0.3, 0.4 ppm) and carbonic anhydrase, a single zinc ion containing enzyme as the positive control. The four cysteines present in Mszfp1 (Fig. 1A ) coordinate this zinc ion, which was validated by labeling with iodoacetamide. The molar ratio of iodoacetamide-labeled Mszfp1 and zinc was found to be 1 : 0.1. The amino acid sequence of Mszfp2 shows the presence of four cysteine residues at the C-terminal zinc finger domain in the identical position as in Mszfp1 and one cysteine outside the C-terminal domain (Fig. 1B) . Ni-NTA chromatography was used to purify Mszfp2 (Fig. 1D) . (His) 6 -tagged Mszfp2 has a monomeric mass of 23.5 kDa. Atomic absorption spectroscopic measurement showed that the molar ratio of protein to zinc for Mszfp2 is also 1 : 1. Similar to Mszfp1, the molar ratio of iodoacetamide-labeled Mszfp2 and zinc was found to be 1 : 0.1 implicating that the C-terminal cysteine residues are involved in coordination of the zinc ion.
To determine the proportion of secondary structural features and zinc-dependent conformational changes if any, circular dichroism spectroscopy was used. CD spectra of both native and demetallated Mszfp1/Mszfp2 were recorded. Far UV-CD showed typical a-helical features of both the proteins with large negative molar ellipticity values around 208 and 222 nm ( Fig. 2A,B) .
Both the proteins were demetallated by dialyzing in EDTA as mentioned in Experimental procedures. The extent of demetallation was determined by atomic absorption flame photometry. For demetallated Mszfp1, the molar ratio of protein to zinc was found to be 1 : 0.4, and for demetallated Mszfp2, it was 1 : 0.2. We failed to remove Zn (II) completely from Mszfp1/Mszfp2 even with prolonged dialysis or with another strong chelator like o-phenanthroline. Hence, demetallated Mszfp1/Mszfp2 represents only partially demetallated proteins. From the CD profile of the metal depleted Mszfp1, as shown in Fig. 2A , it appears that the protein gained more structural features upon metal removal. Analysis of the spectra with the help of K2D2 software estimated the a-helix and b-sheet content to be approximately 50% and 10%, respectively, in case of native Mszfp1, and for demetallated Mszfp1, the estimated a-helix and bsheet contents are approximately 60% and 5%, respectively.
However, the CD spectrum of demetallated Mszfp2 showed deeper minima at 208 nm and 222 nm compared to that of the native protein (Fig. 2B ) indicating a subtle local change in conformation upon demetallation. On analysis by K2D2 software, the a-helix and b-sheet content in case of native and demetallated Mszfp2 were estimated to be the same -84% and 1%, respectively. We want to mention here that in Fig. 1A ,B, we have given the probable secondary structure content along the amino acid Figure 2 Circular dichroism spectra of Mszfp1 (A) and Mszfp2 (B). In both the cases, native protein is represented by black circles and demetallated protein by white circles.
sequence of Mszfp1/Mszfp2 by computational analysis as mentioned in Experimental procedures. However, these predictions seem to show lesser percentage of alpha-helicity compared to that obtained by CD experiments. We emphasize here on CD experiments and structure determination by other methods will resolve this issue in future.
We were interested to find out the oligomeric status of Mszfp1 and carried out gel filtration chromatography using blue dextran, conalbumin, carbonic anhydrase and lysozyme as standards. It showed that the protein remains in two oligomeric states in the zinc bound form (represented by solid line in Fig. 3A) . But when the protein was demetallated by dialysis in 30 mM EDTA, a mixture of three oligomeric (represented by dotted line in Fig. 3A) states became apparent. The two oligomeric states of the native Mszfp1 were found to be trimer (molecular weight 65.7 kDa) and dimer (molecular weight 39.2 kDa), respectively, by SEC-MALS (Fig. S1 in Supporting Information). FPLC chromatogram showed correspondence of the two higher oligomeric peaks between native and demetallated proteins and prompted us to assign them as a trimer and dimer. The third peak which is unique in the chromatogram in the case of demetallated Mszfp1 was found to have molecular weight corresponding to that of the monomer of Mszfp1 (Fig. S2 in Supporting Information) .
We checked the oligomeric states of Mszfp2 in the presence and absence of zinc by SEC-MALS (Figs S3,S4 in Supporting Information). In both native and demetallated Mszfp2, three peaks with molecular weight of 87.7 kDa (tetramer), 46 kDa (dimer) and 25 kDa (monomer) were observed as estimated by Astra 6.1 (Wyatt Technologies, Santa Barbara, CA, USA) software (Figs S3,S4 in Supporting Information). On superimposition of the UV absorption (280 nm) traces containing eluted SEC-MALS peaks (as in Figs S3,S4 in Supporting Information), it was observed that the same oligomers were also present in demetallated Mszfp2 but the height of the peak corresponding to the dimer was found to be enhanced at the cost of the tetramer (Fig. 3B ).
Mszfp1 and Mszfp2 are DNA binding proteins
Many zinc finger proteins (C2H2 or C4 zinc finger type) found in both prokaryotes and eukaryotes are known to bind DNA (H€ ard et al. 1990; Hariharan et al. 1991; Vallee & Auld 1992; Nishikawa et al. 1993; Takatsuji 1998; Katz et al. 2002) . Because Mszfp1 and Mszfp2 also contain zinc in stoichiometric amount coordinated by four C-terminal cysteine residues, we wanted to check whether Mszfp1 and Mszfp2 are DNA binding proteins and whether their ability to bind DNA depends on the presence of zinc. We carried out electrophoretic mobility shift assay (EMSA) using native/demetallated Mszfp1 and a linear DNA fragment (sequence given in Fig. S5 in Supporting Information) as written in Experimental procedures (Fig. 4A,B, respectively) . The concentrations of native/demetallated Mszfp1 were varied from 1 to 14 lM, and concentrations of native/demetallated Mszfp2 were varied from 2 to 20 lM. In both the cases (Fig. 4A-D Genes to Cells (2017) 22, 699-714 Mszfp1, the data were analyzed with a binding isotherm as rectangular hyperbola where as in case of Mszfp2 the data were analyzed with sigmoidal Hill plot. The apparent K D values in all the cases and the Hill coefficients in case of native/demetallated Mszfp2 thus obtained are shown in Table 1 . From these data, we can conclude that upon zinc removal, both the proteins show weaker DNA binding (Table 1) . It should be mentioned here that although the protein concentrations were different, the concentration of DNA was same in all the cases.
Both Mszfp1 and Mszfp2 are constitutively expressed proteins. When cell lysates from M. smegmatis mc 2 155 grown at different time points were analyzed by Western blot for the presence of Mszfp1/Mszfp2, the presence of either of the proteins was detected (Figs S10,S11 in Supporting Information). In all cases, anti-SigA antibody was used as a control.
Mszfp1 and Mszfp2 interact with RNA polymerase
Many zinc finger proteins are known as important transcription factors (Miller et al. 1985; Cooley et al. 1991; Takatsuji 1998; Nakashima et al. 2002; Bahlawane et al. 2008) . So, we explored the possibility of Mszfp1 and Mszfp2 being regulators of transcription. In eubacteria, many transcription regulators come in direct contact with RNA polymerase (Lee et al. 2012 ). Therefore, we tested whether Mszfp1 and Mszfp2 interact with RNA polymerase. We carried out SPR (Fig. 5A ,B) using purified Mszfp1/Mszfp2 and RNA polymerase ( Fig. S12 in Supporting Information) of M. smegmatis. In SPR studies, we found increased response with increasing concentrations of RNA polymerase flowing over immobilized Mszfp1/ Mszfp2. From SPR studies, the K D value for the interaction with RNA polymerase was found to be (5.75 AE 0.52) 9 10 À9 M and (5.78 AE 1.1) 9 10 À9 M for native Mszfp1 and native Mszfp2, respectively. In either case, native Mszfp1/Mszfp2 was immobilized on a gold surface as described in Experimental procedures. The interaction between native Mszfp1/ Mszfp2 and RNA polymerase was also verified by pull-down assay with (His) 6 -tagged Mszfp1/Mszfp2 by way of immobilizing the protein over Ni-NTA column and passing over partially purified RNA polymerase from cellular extract (Fig. S13A ,B in Figure 4 Representative gels for EMSA using native Mszfp1 (A) and demetallated Mszfp1 (B), native Mszfp2 (C) and demetallated Mszfp2 (D). In all the gels, control and the increasing concentrations of the proteins are indicated. The lane marked control includes only DNA template without any protein. Supporting Information). The eluted fraction was probed with anti-a, anti-b and/or anti-b 0 antibodies in Western blot analysis (sides of Fig. S13A ,B in Supporting Information). The presence of the subunits of RNA polymerase in the eluted fraction confirmed the presence of RNA polymerase complexed with Mszfp1/Mszfp2 in those fractions. To verify that this interaction is not due to any binding between RNA polymerase and Ni-NTA column, we have included a negative control where we have passed partially purified RNA polymerase over Ni-NTA column. In this control experiment, we could not find any band corresponding to the subunits of RNA polymerase in the eluted fraction ( Fig. S14 in Supporting Information).
Subsequently, we were interested to localize subunits on RNA polymerase mediating the interaction with Mszfp1. RNA polymerase interacting proteins from E. coli are known to bind with CTD and/or NTD of a-subunit (Busby & Ebright 1999) . A few DNA binding transcription factors are known to interact with a-subunit and/or r 70 subunit due to the proximity of domain 4 of r 70 and the NTD of a (Busby & Ebright 1999; Grainger et al. 2007) . In E. coli, the nature of promoters dictates the interaction pattern between transcription factors and RNA polymerase (Busby & Ebright 1999; Grainger et al. 2004 Grainger et al. , 2007 . However, in Gram-positive bacteria, the literature on transcription activation is scanty, and in mycobacteria, only few activators (Stallings et al. 2009; Dey et al. 2011 ) have been reported so far. Thus, we tested the interaction of Mszfp1 with both a-and r subunits of RNA polymerase taking E. coli as a model. Domain-specific deletions of mycobacterial counterparts were carried out to pinpoint the interaction site. However, we need to emphasize here that all protein-protein interactions monitored here were in the absence of DNA template. Thus, the interactions may be nonspecific in nature. We repeated the pull-down assay, this time with overexpressing a-subunit or its variants in cell lysate (see Experimental procedures). In each case, the protein in eluted band was confirmed by mass spectroscopic analysis. It can be seen from Fig. 6A and Fig. S15 in Supporting Information that Mszfp1 interacts with the full-length a-subunit of M. smegmatis RNA polymerase. Pull-down assay using isolated NTD/CTD of a-subunit and native Mszfp1 indicates that both NTD and CTD of a-subunit are capable of binding to Mszfp1(Figs S16,S17 in Supporting Information).
Keeping in mind that r A in M. smegmatis is homologous to r 70 of E. coli, we annotated putative four domains 1, 2, 3, 4 in r A based on CDD analysis. Domain 4 in r 70 is known to bind the transcription regulators in E. coli (Lee et al. 2012) . So, we carried out pull-down assay to see whether Mszfp1 binds to r A and domain 4 deleted r A . These experiments showed that full-length r A binds to Mszfp1 (lane 4 in Fig. 6B ), but domain 4 deleted r A does not (lane 4 in Fig. 6C ) as in the gel corresponding to the pull-down assay, we were unable to detect any band due to the domain 4 deleted r A . The result of pull-down assay involving Mszfp1 and full-length r When pull-down assay was repeated with native Mszfp1/Mszfp2 and b/b 0 /x, it was observed that b/b 0 /x do not interact with Mszfp1/Mszfp2 (data not shown).
Both Mszfp1 and Mszfp2 can activate transcription
As Mszfp1 and Mszfp2 interact with RNA polymerase, our next attempt was to check whether they can affect transcription. So, we carried out singleround in vitro transcription assay on a 306-bp fragment of rrnB promoter of M. smegmatis. rrnB promoter was chosen because this promoter is thoroughly characterized (China et al. 2010) . For this purpose, the reconstitution of RNA polymerase was carried out. Purified subunits of M. smegmatis RNA polymerase were used to assemble the enzyme devoid of any other mycobacterial protein following published procedure (Dey et al. 2011) .
Similarly, whenever required NTD of a-subunit or domain 4 deleted r A was used for reconstitution of RNA polymerase. The full complementation of different subunits in reconstituted RNA polymerase was detected (Fig. S22 in Supporting Information).
All the panels in Fig. 7A depict the single-round transcription reactions with different reconstituted RNA polymerases and native as well as demetallated Mszfp1. Upon single-round transcription analysis (Fig. 7A) , one can observe different levels of transcripts in the experimental set-up (lane E) compared to that in the control lane (lane C). Upon densitometric analysis of bands and dividing the experimental transcript intensity by that of the control, a set of data were obtained as plotted in Fig. 7B . It is clear from the Fig. 7B that Mszfp1 is a transcription activator and full-length a and r A are necessary for the activation. We also observed that Zn (II)-depleted Mszfp1 is unable to activate transcription (Fig. 7A,B) . Similarly, we carried out in vitro transcription assay using native as well as demetallated Mszfp2 (Fig. 7C) . In this case, two types of RNA polymerase holoenzymes containing full-length a or only NTD of a-subunit were reconstituted. The results of in vitro transcription (Fig. 7D ) in this case showed that activation of transcription happens only when full-length a-subunit is present. It was also observed that the demetallated Mszfp2-like demetallated Mszfp1 cannot activate transcription (Fig. 7D ).
Discussion
Although a large number of zinc finger proteins have been discovered in eukaryotes, they are less studied in eubacteria. Among actinobacteria, to the best of our knowledge, no C4 zinc finger protein has been described in details so far. We have established that Mszfp1 and Mszfp2 contain zinc, which is responsible for DNA binding and proper conformation. In the absence of any structural information, we assumed that this zinc is a part of the zinc finger domain present in the C-terminal end of Mszfp1 and Mszfp2 like that of Jann_2411. Unlike other known Zn-finger proteins, we observed in our case that both the proteins show compact structure upon metal removal. The change in conformation after demetallation of Mszfp1 also leads to detection of monomer. The trimer-dimer equilibrium shown by Mszfp1 in the zinc containing native form is interesting. In the case of heat-shock proteins, it is known that the trimeric form is necessary for DNA binding and activation of transcription, but the monomeric form is unable to bind DNA (Morimoto, 1993) . It is not clear from our experiments whether the trimer and dimer have different physiological functions. The subtle change of the CD pattern in the case of demetallated Mszfp2 suggests that this change is due to change in proportion of different oligomeric states as compared to that of the native state. The need for the protein to stay in such populations of oligomers is unclear at this moment. It has been shown before that in GAGA factor and Superman, DNA binding ability depends on the basic regions of the proteins outside the zinc finger domain (Pedone et al. 1996) . The presence of basic amino acids in Mszfp1 renders the protein a basic one (theoretical pI 8.43 as determined by Protparam server), which may have a role in DNA binding.
The effect of demetallation on DNA binding of Mszfp2 leads to a lowering of DNA binding ability reflected by a change in Hill coefficient (Table 1) . Mszfp2 also has many basic amino acid residues, but it is an acidic protein unlike Mszfp1 (theoretical pI 5.26 as determined by Protparam server). Here, also the role of these basic amino acid residues in DNA binding cannot be neglected. We speculate that the finer details of mechanism of DNA binding of these two proteins may be quite different.
The DNA fragment used in our EMSA has been chosen randomly without any prior information. Hence, the DNA binding in case of both Mszfp1/ Mszfp2 is to be considered as nonspecific in nature.
Genes to Cells (2017) 22, 699-714 The K D value in either case was found to be in the lM range under the conditions of our experiment. Such values are also reported for HU (Pinson et al. 1999) and IHF (Yang & Nash 1995) .
Unlike E. coli and B. subtilis, the number of unique transcription factors studied in actinobacteria is less. CarD (Stallings et al. 2009; Srivastava et al. 2013) , RbpA (Newell et al. 2006; Verma & Chatterji 2014) , Lsr2 (Gordon et al. 2008; Bartek et al. 2014) are the only transcription factors known in details in actinobacteria. Interestingly, Mszfp1 and Mszfp2 interact with RNA polymerase of M. smegmatis indicating that they may act as regulators of transcription. In E. coli, it has been shown that CAP (Niu et al. 1996) , a transcription factor can interact with the domain 4 of r 70 and/or NTD or CTD of a-subunit alternatively or together depending on the promoter. In type I CAP (catabolite activator protein)-activated promoter, CAP interacts with CTD of a-subunit, whereas in type II CAP-activated promoter, CAP Figure 7 Single-round in vitro transcription assay using reconstituted RNA polymerase and Mszfp1 having different combinations of a-and r A -subunits (A). The plotted increase in transcript (B) obtained from (A) with n = 3, and standard error has been shown. In vitro transcription assay was carried out with Mszfp2 (C) also and the corresponding data were also plotted (D) with n = 3 and standard error. Full-alpha indicates alpha-subunit with both CTD and NTD. Full SigA indicates SigA with all the four domains, shortened SigA indicates the domain 4 deleted mutant of SigA, and RNAP indicates RNA polymerase. In (A) and (C), lane C is control, whereas lane E is the lane where Mszfp1/Mszfp2 whichever is applicable has been added. interacts with CTD and NTD of a-subunit together with the domain 4 of r 70 , r A in M. smegmatis is equivalent of r 70 of E. coli (Lawson et al. 2004) . Our in vitro transcription assay at rrnB promoter using Mszfp1 indicates that it may behave like CAP on type II CAP-activated promoter. All these interactions involving CAP mentioned above were followed in the presence of DNA. However, SoxS has been shown to interact with RNA polymerase through a-CTD and domain 4 of r A -subunit in distinct ways in the presence and absence of DNA (Shah & Wolf 2004; Zafar et al. 2010) . It may be noted from Fig. 7B that the level of activation is robust when full-length a-and r A -subunits are present in the complex. However, in vitro transcription using native Mszfp2 indicates robust activation involving the fulllength a-subunit only. At this time, the detailed mode of activation of Mszfp1 and Mszfp2 in the context of their binding mode to the subunits of RNA polymerase is not clear. However, for both Mszfp1 and Mszfp2, we do not know the contribution of their respective oligomers toward activation of transcription.
Currently, we do not know the sequence specificity and binding sites of Mszfp1/Mszfp2 on the genomic DNA in vivo. Their promoter selectivity is also unknown. More detailed study of Mszfp1 and Mszfp2 will enlighten newer application of zinc finger proteins in mycobacterial physiology.
Experimental procedures
Bacterial strains used
Mycobacterium smegmatis mc 2 155 was used as wild-type strain and for the growth phase-specific expression of Mszfp1 and Mszfp2. Escherichia coli DH5a cells were used for all the cloning purposes. Escherichia coli BL21 (DE3) cells were used for over-expression and purification of Mszfp1, whereas Mszfp2 was over-expressed in E. coli Rosetta (DE3) (Novagen) cells. M. smegmatis strain SM07 (Mukherjee & Chatterji 2008 ) was used to isolate RNA polymerase from M. smegmatis. Escherichia coli cells have been grown in LB medium, and M. smegmatis cells have been grown in Middlebrook 7H9 medium supplemented with 2% glucose and 0.05% Tween 80.
Bioinformatic analysis
The protein sequence of Jann_2411 was used to search sequences of homologous proteins in the genome of M. smegmatis using BLASTP (Altschul et al. 1990) . Once the protein sequences were found, the corresponding DNA sequences were obtained from Smegmalist database (Kapopoulou et al. 2011 ). Prediction of secondary structural features along the amino acid sequences of Mszfp1/Mszfp2 was obtained by submitting the sequences of (His) 6 -tagged Mszfp1/Mszfp2 to SABLE server (Adamczak et al. 2005) .
Cloning
All primer sequences used in this study are listed in Table S1 in Supporting Information. All plasmids used in this study are listed in Table S2 in Supporting Information. Primers-SGFOR18 and SGREV18 were used to clone Msmeg_0118 (Mszfp1) encoding DNA fragment from the genomic DNA of M. smegmatis at the NdeI-HindIII site of pET21b (+) resulting in the plasmid pETMszfp1. Primers nhi1 and ChiNE2 were used to clone Msmeg_3613 (Mszfp2) encoding DNA fragment at the NdeI-HindIII site of pET21b (+) resulting in pETMszfp2. Both the proteins have C-terminal (His) 6 tag for purification by Ni-NTA chromatography.
Toward the constructing of C-terminal domain (CTD) deleted a-subunit, amino acid residues 245 to 303 were deleted from a-subunit based on Conserved Domain Database analysis (CDD) (Marchler-Bauer & Bryant 2004) . PRSTLAF and PRSREV were the primers used to clone the CTD less alpha-subunit of RNA polymerase. This protein cloned in pRSETA has no tag, and the resulting plasmid pALDELTL8 expresses only the NTD of a-subunit of RNA polymerase. PRSTLAF and PRSREVTL were used to clone the fulllength tagless alpha-subunit in pET21b (+) resulting in pAL-FULTL21, which was used for pull-down assay.
Similarly, primers PRSTLAF and 21bchisrev2 were used to clone the C-terminal (His) 6 -tagged CTD-deleted a-subunit in pET21b (+) resulting in pETG7 to be used in reconstitution of core RNA polymerase devoid of a-CTD.
Based on CDD analysis amino acid 12-219, corresponding to the N-terminal domain of the a-subunit were also deleted from the full-length a-subunit using primers SDMF and SDMR from plasmid pALFULTL21 resulting in pSGCTD4, which expresses only the CTD of a-subunit of M. smegmatis.
The part of SigA shown to be domain 4 (amino acid 395-466) by CDD was chosen for making the domain 4 deletion of SigA. Two primers-siafor28 and siarev283-were used for this purpose resulting in pSG441.
Protein purification
Both Mszfp1 and Mszfp2 were purified following the same conditions. Escherichia coli BL21 (DE3)/E. coli Rosetta (DE3) (Novagen) cells transformed with pETMszfp1 and pETMszfp2, respectively, were used to over-express Mszfp1/Mszfp2 with 0.5 mM IPTG (Isopropyl b-D-1 thiogalactopyranoside) for 3 h. Cells were lysed in lysis buffer containing 50 mM TrisHCl pH 8.0 at 4°C, 300 mM NaCl and 0.5 mM EDTA. The lysed cell suspension was centrifuged, and the supernatant was loaded on Ni-NTA (nickel nitrilotriacetic acid) column and kept for binding. The column was subsequently washed by wash buffer (50 mM Tris-HCl pH 8.0 at 4°C, 300 mM NaCl, Genes to Cells (2017) 22, 699-714 0.5 mM EDTA and 40 mM imidazole). The protein was eluted in elution buffer (50 mM Tris-HCl, pH 8.0 at 4°C, 300 mM NaCl, 0.5 mM EDTA and 300 mM imidazole). Immediately after elution, each of the proteins was dialyzed in a buffer containing 50 mM Tris-HCl pH 8.0 at 4°C, 300 mM NaCl. When Mszfp1/Mszfp2 was needed to be demetallated, it was dialyzed in a buffer containing 50 mM Tris-HCl pH 8.0 at 4°C, 300 mM NaCl and 30 mM EDTA followed by dialysis in a buffer containing 50 mM Tris-HCl pH 8.0 at 4°C, 300 mM NaCl to remove EDTA.
For the purification of r A or its domain 4 deleted mutant, E. coli BL21 (DE3) cells transformed by appropriate plasmid (pARC8171/pSiadel441) were induced with 0.5 mM IPTG for 3 h. The cells were lysed in lysis buffer containing 50 mM Tris-HCl (pH 8.0 at 4°C), 200 mM NaCl, 1 mM phenylmethylsulfonyl fluoride (PMSF), 2 mM EDTA, 0.1 mM DTT, 5% glycerol and 0.1 mg/mL lysozyme and 0.2% sodium deoxycholate. After centrifugation, the supernatant was removed and the pellet was collected and washed in a solution of 19 TGED containing 10 mM Tris-HCl pH 8.0 at 4°C, 5% glycerol, 0.1 mM EDTA and 0.1 mM DTT (dithiothreitol) together with 200 mM NaCl, 0.2% Triton X-100 and 0.1 mM DTT. This was followed by another wash in 19 TGED with 200 mM NaCl and 0.1 mM DTT. After centrifugation, the pellet was collected and the protein was extracted using an extraction buffer (10 mM Tris-HCl pH 8.0 at 4°C, 5% glycerol, 0.1 mM EDTA, 200 mM NaCl and 6M urea). This extract was centrifuged, and the supernatant was dialyzed in renaturation buffer containing 50 mM Tris-HCl pH 8.0 at 4°C, 200 mM KCl, 10% glycerol, 10 mM MgCl 2 , 1 mM EDTA and 1 mM b-ME (b-mercaptoethanol).
Quantitation of zinc by atomic absorption spectroscopy
Zinc content of native as well as iodoacetamide-labeled Mszfp1/Mszfp2 was determined by an atomic absorption spectrophotometer (Thermo M series) using acetylene flame. Metal content was determined using zinc chloride as standard and carbonic anhydrase (Sigma, St Louis, MO, USA) as positive control as carbonic anhydrase contains one molecule zinc per protein molecule. In case of demetallation of Mszfp1/ Mszfp2, the extent of demetallation was also monitored using atomic absorption spectrophotometry. Each measurement was carried out at least three times, and the average value is reported here. We observed that Zn(II) was removed up to a very large extent from Mszfp1/Mszfp2 when they were treated with 10-fold molar excess of iodoacetamide.
Circular dichroism spectroscopy (CD)
Far UV-CD experiment (wavelength range 200-250 nm) was carried out to estimate the secondary structural elements in the protein. The protein after purification was dialyzed in CD buffer containing 10 mM phosphate (pH 8.0) and 150 mM NaCl. The CD spectra were recorded in a spectropolarimeter (J-715, Jasco). For demetallation, Mszfp1/Mszfp2 was dialyzed in CD buffer containing 30 mM EDTA and redialyzed in CD buffer without EDTA. The mean residue ellipticity was calculated using the formula
where h is the ellipticity in degrees, c is the concentration of the protein in desimole per liter, and l is the path length of the cuvette in centimeter. The CD data were analyzed using K2D2 software (Perez-Iratxeta & Andrade-Navarro 2008) for calculating the a-helix and b-sheet content in the protein.
Analytical gel filtration
Oligomers of native and demetallated Mszfp1 were separated by gel filtration chromatography. The native and demetallated proteins were subjected to gel filtration chromatography using a Superdex 200 10/300GL (GE) analytical gel filtration column in Akta Explorer chromatography system (GE). Blue dextran, conalbumin, ovalbumin, carbonic anhydrase and lysozyme were used as standards.
Size exclusion chromatography-multi-angle light scattering (SEC-MALS)
SEC-MALS experiment was carried out using a Superdex 200 10/300GL (GE) column attached with a Wyatt Treos multiangle light scattering instrument, a refractive index detector (Waters 2414 RI detector) and a UV detector (Shimadzu SPD-10A VP). Data analysis was carried out using ASTRA 6.1 software (Wyatt Technologies). The molecular weight of the oligomers of native Mszfp1/Mszfp2 and demetallated Mszfp2 was estimated using SEC-MALS. The UV (280 nm) absorption traces corresponding to the SEC-MALS peaks for native as well as demetallated Mszfp2 were superimposed on each other using EASI Graph in ASTRA 6.1 software (Wyatt Technologies).
Electrophoretic mobility shift assay (EMSA)
An a 32 -P-dATP-labeled 100 base pair sequence of DNA was used (sequence is shown in Fig. S5 in Supporting Information) for electrophoretic mobility shift assay (EMSA). This DNA fragment was PCR-amplified using primers Prob2for and Prob2rev (sequences given in Table S1 in Supporting Information) from the upstream of Msmeg_0118. The resulting DNA was incubated with different concentrations of native and demetallated Mszfp1/Mszfp2 at 37°C for 30 min. The protein-DNA complex was resolved by 5% polyacrylamide gel electrophoresis (PAGE) run in 0.59 TBE (Tris-borate-EDTA) buffer at a constant voltage (90 V). Amount of the DNA was kept constant (0.4 nM), and the protein concentration was varied from 1 to 14 lM for both native and demetallated Mszfp1. For Mszfp2, the protein concentration was varied from 2 to 20 lM keeping the amount of DNA (0.4 nM) same as above. The gels were scanned by a phosphor imager (Bio-Rad, Hercules, CA, USA) and the intensity of the radiolabeled bands corresponding to the DNA-protein complex and free DNA were determined by Multigauze 3.0 (Fuji). The EMSA gels were analyzed densitometrically using Multigauze 3.0 (Fuji), and the fraction of bound DNA was plotted against concentrations of native/demetallated Mszfp1/Mszfp2 with standard error in Sigma Plot 11.0. These data for Mszfp1 were analyzed as the rectangular hyperbola according to the equation y = ax/(b + x) + cx, whereas data for Mszfp2 were analyzed as with sigmoidal Hill equation
) (where b is Hill coefficient) using Sigma Plot 11.0. Apparent K D values for the interaction in case of native/demetallated Mszfp1/ Mszfp2 were determined from the corresponding curves where the ratio of intensities of the bands corresponding to free DNA and the DNA-protein complex was found to be 1 : 1.
Growth phase-specific expression pattern of Mszfp1 and Mszfp2
Expression of Mszfp1/Mszfp2 during different phases of growth was detected by using Western blot analysis of cell lysates of M. smegmatis cells grown till 24, 48, 72 and 96 h, with antiMszfp1/antiMszfp2 antibody. Anti-SigA antibody was used as a control. Anti-Mszfp1 and anti-Mszfp2 antibody were produced in the rabbits housed in the animal facility of Indian Institute of Science with approval from Institute Animal Ethics Committee. Anti-SigA antibody was a kind gift from Astrazeneca, Bangalore. All these antibodies were used at a dilution of 1 : 5000.
Isolation of RNA polymerase from M. smegmatis SM07 RNA polymerase was purified as has been described earlier (Mukherjee & Chatterji 2008) . For isolating (His) 6 -tagged b 0 -subunit containing RNA polymerase M. smegmatis SM07 strain was used. In short, the harvested cells were lysed in lysis buffer (50 mM Tris-HCl pH 8.0 at 4°C, 5% glycerol, 2 mM EDTA, 0.1 mM DTT, 1 mg/mL lysozyme, 300 mM NaCl, 23 lg/mL PMSF, 0.2% sodium deoxycholate), and the supernatant collected after centrifugation was treated with polyethyleneimine (PEP) at final concentration of 0.6%. The PEP pellet was subsequently homogenized in homogenization buffer 1 (19 TGED + 0.4 M NaCl) and homogenization buffer 2 (19 TGED + 0.6 M NaCl). The supernatant obtained after second homogenization was collected and treated with ammonium sulfate at final saturation of 50%. This resulting pellet was dissolved in a buffer containing 19 TGED, 1 M NaCl and 5 mM imidazole and loaded on a Ni-NTA column equilibrated with the same buffer. The column was washed using wash buffer (19 TGED, 1 M NaCl and 10 mM imidazole). RNA polymerase was eluted in elution buffer (19 TGED, 1 M NaCl and 250 mM imidazole). The RNA polymerase thus obtained was dialyzed in 19 TGED + 150 mM NaCl and loaded on a heparin-sepharose column equilibrated in the same buffer. The column was washed using the buffer used for equilibration.
RNA polymerase was eluted using 19 TGED + 600 mM NaCl. The eluted fractions were stored in storage buffer (10 mM Tris-HCl pH 8.0 at 4°C, 200 mM KCl, 1 mM EDTA, 1 mM DTT and 50% glycerol).
Surface plasmon resonance (SPR)
SPR study for the interaction between RNA polymerase and Mszfp1/Mszfp2 was followed in a Biacore 3000 machine using CM5 chip (BIACORE) at 25°C. The chip was activated using a 1 : 1 solution of 1-ethyl-3-(-3-dimethylaminopropyl) carbodiimide (EDC) and N-hydroxysuccinimide (NHS) followed by immobilization of Mszfp1/Mszfp2 on the chip surface and subsequent blocking of non-cross-linked active site on the chip by 1 M ethanolamine solution. RNA polymerase dialyzed in 10 mM HEPES (4(2-hydroxyethyl) piperazine-1-ethanesulfonic acid) pH 7.5 + 200 mM NaCl was flown over immobilized Mszfp1/Mszfp2, and the response was recorded. SPR data were analyzed by the software BIA evaluation 4.1. Data were fit with 1 : 1 Langmuir model of binding.
Pull-down assay
Mycobacterium smegmatis mc 2 155 strain was grown in MB7H9 broth supplemented with 2% glucose and 0.05% Tween 80 for 30 h, and cells were pelleted by centrifugation. Extract of RNA polymerase after ammonium sulfate precipitation was loaded on a Mszfp1/Mszfp2 bound Ni-NTA column equilibrated with 19 TGEB (same composition as TGED, only DTT is replaced by 1 mM b-ME) + 400 mM NaCl and kept for binding. The column was washed using wash buffer (19 TGEB, 1 M NaCl and 10 mM imidazole). The complex was eluted in elution buffer (19 TGEB, 1 M NaCl and 300 mM imidazole). The fractions were run on a 10% SDS-polyacrylamide gel to visualize the subunits of RNA polymerase and Mszfp1/Mszfp2. The presence of RNA polymerase was confirmed by Western blot analysis using subunit-specific antibodies. The subunit-specific antibodies-anti-a, anti-b and anti-b 0 antibodies were obtained from Astrazeneca, Bangalore.
Pull-down assay using full length/CTD/NTD of a-subunit was carried out in the following way. The corresponding plasmid-transformed E. coli BL21 (DE3) cells were grown till O.D. 0.6 and induced using 0.5 mM IPTG. These cells were lysed in 50 mM Tris-HCl (pH 8.0 at 4°C), 300 mM NaCl and 0.5 mM EDTA (for CTD of a-subunit instead of 300 mM NaCl, 100 mM NaCl was used). The supernatant obtained after centrifugation was passed over (His) 6 -tagged Mszfp1/ Mszfp 2 immobilized on Ni-NTA column and kept for binding. The column was washed with wash buffer containing 50 mM Tris-HCl (pH 8.0 at 4°C), 300 mM NaCl, 0.5 mM EDTA and 40 mM imidazole. The complex was eluted using elution buffer containing 50 mM Tris-HCl (pH 8.0 at 4°C), 300 mM NaCl, 0.5 mM EDTA and 300 mM imidazole. The eluted fraction was run over SDS (sodium dodecyl sulfate)-Genes to Cells (2017) 22, 699-714 PAGE, and the suspected band, on visual inspection, for full length/CTD/NTD of a-subunit was excised and subjected to tryptic digestion, MALDI (matrix-assisted laser desorption ionization) mass spectrometric analysis and MASCOT search (Matrix science) as are represented by Figs S15 and S18 in Supporting Information.
For pull-down assay using r A or domain 4 deleted r A , the following procedure was followed. Escherichia coli BL21 (DE3) cells over-expressing Mszfp1 were lysed in the lysis buffer (50 mM Tris-HCl pH 7.9, 200 mM KCl, 10% glycerol, 10 mM magnesium chloride, 1 mM EDTA, 1 mM b-ME) and immobilized on Ni-NTA column. The r A /domain 4 deleted mutant of r A -subunit in the same buffer was incubated with the immobilized Mszfp1. The column was washed using wash buffer (50 mM Tris-HCl pH 7.9, 200 mM KCl, 10% glycerol, 10 mM magnesium chloride, 1 mM EDTA, 1 mM b-ME, 40 mM imidazole). The complex formed between Mszfp1 and r A /mutated r A -subunit was eluted using elution buffer (50 mM Tris-HCl pH 7.9, 200 mM KCl, 10% glycerol, 10 mM magnesium chloride, 1 mM EDTA, 1 mM b-ME, 300 mM imidazole). The eluted fraction was run on 10% SDS-PAGE. Positive result in the gel, on visual inspection, in case of Mszfp1 and full-length r A was verified by Western blot using anti-SigA antibody. Similarly, pull-down assays were performed with b/b 0 /x-subunits as well.
Reconstitution of RNA polymerase
Individual subunits of core RNA polymerase (a, b, b 0 , x) of mycobacteria were expressed and purified separately as had been carried out before (Dey et al. 2011) . These subunits were put together in required molar ratio, and reconstituted core RNA polymerase was obtained using protocols followed for reconstitution of core RNA polymerase from E. coli (Tang et al. 1995) . The reconstituted core RNA polymerase was further cleared of excess free subunits by passing through a heparin-sepharose column as was carried out earlier (Sarkar et al. 2013) . Two types of core RNA polymerases were reconstituted-core RNA polymerase with full-length a-subunit and core RNA polymerase with CTD-deleted a-subunit. The proteins were C-terminally (His) 6 tagged in both the cases. Subsequent reconstitution was carried out with r A or domain 4 deleted r A in transcription buffer containing 40 mM Tris-HCl pH 8.0 at 4°C, 75 mM KCl, 0.1 mM EDTA, 0.02 mg/mL bovine serum albumin (BSA), 0.1 mM DTT, 2.5% glycerol and 15 mM magnesium acetate to obtain holoRNA polymerase.
In vitro single-round transcription assay
In vitro transcription assay was performed at the PCR-amplified M. smegmatis rrnB promoter containing DNA fragment of 306 bp (China et al. 2010) . The reaction was carried out in the transcription buffer containing 40 mM Tris-HCl pH 8.0 at 4°C, 75 mM KCl, 0.1 mM EDTA, 0.02 mg/mL bovine serum albumin (BSA), 0.1 mM DTT, 2.5% glycerol and 15 mM magnesium acetate. PCR-amplified rrnB promoter DNA was incubated with Mszfp1 for 2 min on ice. For Mszfp2, the time of incubation was 20 min. Then, RNA polymerase along with murine RNAse inhibitor (New England Biolabs, Ipswich, MA, USA) was added to the reaction mix and incubated at 37°C for 7-8 min. Following this, NTPs including a 32 -P UTP and heparin were added and incubated for further 20 min. At the end of this incubation, equal volume of 29 loading buffer (80% formamide, 8% glycerol, 8 mM EDTA, 0.01% bromophenol blue and 0.01% xylene cyanol) was added and heated at 90°C for 5 min followed by incubation in ice for 3 min. Equal volume of the mix was loaded on a 10% urea-polyacrylamide gel, and phosphor screen containing the impression of the radioactive bands from the gel was scanned using a phosphor imager (Bio-Rad) to visualize the transcript. The intensities of the bands were analyzed using Multigauze 3.0 (Fuji). The increase in amount of transcript was plotted with standard error using Graph Pad Prism software. 
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Additional Supporting Information may be found online in the supporting information tab for this article: Table S1 List of primers used in the study Table S2 List of plasmids used in this study Figure S1 The fitting for the peaks corresponding to native Mszfp1 obtained from SEC-MALS experiment.
Figure S2
The standard curve used for gel filtration with Mszfp1. Figure S3 The SEC-MALS profile of native Mszfp2. Figure S12 RNA polymerase purified from M. smegmatis SM07 was run over a 10% SDS-polyacrylamide gel.
Figure S13 Pull down assay using RNA polymerase and immobilized Mszfp1 (A) and Mszfp2 (B). 
